Abstract: Angiogenesis is the process of developing new blood vessels from the original vascular network; it is necessary for normal physiological processes, such as embryonic development and wound healing. Angiogenesis is also involved in pathological events, including myocardial ischemia and tumor growth. To investigate the molecular mechanisms of this important process, a variety of methods and models are employed. These strategies can also be used to provide insight into the etiology of angiogenesis-related diseases, thereby contributing to the development of new diagnostics and treatments. Commonly used animal models include the chorioallantoic membrane and yolk sac membrane of chick embryos, the mouse retina and aortic ring, and angiogenesis reactors implanted into mice. These animal models have been instrumental in the study of the angiogenic process. For example, the chorioallantoic membrane undergoes robust angiogenesis during the development of chick embryos, and, because its surface is easily accessible, this membrane provides a convenient model for experimentation. Here, we discuss the methods that employ animal models for the imaging and quantification of angiogenesis. In addition, we propose potential novel directions for future investigations in this area.
Introduction
Angiogenesis is the process of forming new vasculature. in the microvasculature and capillaries, newly formed blood vessels branch from the original vascular network in order to adapt to the physiological needs of the location. Due to the importance of normal blood circulation, angiogenesis plays a vital role in the growth, development, and maintenance of the body's steady state vasculature [8, 25] . The vascular network undergoes dramatic growth and reorganization during embryonic development, and generally remains static in adults. however, it retains the ability to change in response to specific stimuli, such as those associated with wound healing and menstruation [4, 10, 12] . The balance between the factors that promote angiogenesis and the factors that inhibit angiogenesis maintains the resting state of the vasculature network. When this delicate balance is disturbed, excessive or insufficient blood supply may lead to the emergence of various diseases [7, 8, 11] .
Vascular endothelial cells, a layer of cells that covers the inner surface of the blood vessel and contacts the bloodstream directly, are vital to angiogenesis [6, 26] . upon receiving the signal from the adjacent tissue, vascular endothelial cells secrete proteases to digest the basement membrane, followed by subsequent migration, proliferation, differentiation, and, ultimately, reorganization into tubular structures [1, 2, 17] . Through this series 2 of events, new blood vessels form and invade into tissues. Vascular endothelial growth factor (VeGF) is the key regulator of the signaling events controlling this complex process [5, 19, 28] . The body regulates the rate of angiogenesis largely by controlling VeGF messenger RNA stability and transcription rate to meet the body's requirements [5, 19, 28] . Animal models are critical for the study of angiogenesis because they offer various advantages that facilitate the imaging and quantification of this process. here, we provide a detailed review of the methods utilized in two common animal models of angiogenesis: chick embryos and mice. We also propose potential new avenues for the use of these animal models in the study of angiogenesis.
Analysis of Angiogenesis in Chick Embryos
The chick embryonic allantois appears on embryonic days 3-4, and subsequently the allantoic membrane reaches and merges with the chorion to form the chorioallantoic membrane, a dense vascular envelope essential for chick embryonic development. Due to the abundance of the vasculature rapidly formed during the embryonic development, and more importantly, the ease of experimental manipulation, the chick embryos have been intensively used for angiogenic investigations [30] . For example, the chorioallantoic membrane model is widely used as an economical in vivo assay for the evaluation of macromolecules and compounds that influence tumor angiogenesis [21, 32] . in addition, the yolk sac membrane model, which is adapted from the chorioallantoic membrane model with advantage in real-time monitoring of the progressive stages of angiogenesis, is used for the assessment of the effects of radiation and anti-or proangiogenic agents [21, 32] .
The chorioallantoic membrane model
Fertilized eggs are incubated in an incubation box at 38°C and 100% humidity, with trays tilted every 90 min. on the fourth day, the eggs are carefully removed and placed (blunt end up) on a tray in a cell incubator at 38°C. eggs are removed in batches, the surface wiped with 70% alcohol, and then moved onto a clean bench. Trumpet tweezers are used to hold the egg tightly and a small hole is made in the interconnected air chamber; making the aperture as small as possible in order to extend the front end of the forceps into the air chamber. The damaging of other tissues is avoided by carefully using forceps to completely expose and remove the inner shell of the lower surface of the air chamber. After processing, the hole is sealed with clear gum, and the egg placed back into the cell incubator at 38°C and 100% humidity. on day 10, matrigel containing drugs of interest is placed in the eggs. Both the dish containing the matrigel and the eggs are then removed from their respective incubators. With care, the clear gum plug is removed from the egg, and using forceps, the matrigel is placed on the perforated chorioallantoic membrane [16] . Any remaining small pieces of matrigel are placed on the membrane, the clear gum is reinserted into the hole, and the egg is returned to the cell incubator. After 72 h, the transparent gum is opened and the egg is placed under a stereomicroscope to observe and record blood vessels ( Fig. 1) . For quantitative analysis, the following parameters of blood vessels can be measured: (1) the average number of blood vessels in five different fields; (2) the average length of blood vessels determined with the image J software; and (3) the number of nodes that comprise at least three branches. in addition, the angiogenic index can be obtained by multiplying the average length of blood vessel with the number of nodes.
The yolk sac membrane model
Fertilized eggs are incubated in an incubation box at 38°C and 100% humidity, with trays tilted every 90 min. on day 3, eggs are removed from the incubator and placed sideways (i.e. blunt ends toward the horizontal direction to ensure the embryo is floating to the top) in a cell incubator at 38°C for about 30 min. The eggs in batches are removed, the surface is wiped with 70% alcohol, and then they are moved to a clean bench. embryos are removed by breaking the egg shell underneath the embryo using gentle knocking, and the whole embryo is carefully transferred into a 100-mm diameter cell culture dish. The complete embryo is incubated in a cell incubator at 38°C and 100% humidity for 24 h. Dead embryos are cleared from the yolk sacs and, avoiding the main blood vessels, filter paper (6-mm diameter) containing drugs of interest are placed on the surface of the yolk membrane. Samples are returned to the incubator for additional three days. On day 7, the filter papers are carefully removed from the yolk sac. The blood vessel growth in the area previously covered by the filter paper is then observed and recorded using a stereomicroscope [16] . The effect of drugs of interest is determined by measuring the area or diameter of the avascular region at the site of application. however, because of the difficulty in limiting the region on the yolk sac membrane, an accurate quantification of the angiogenic effects with this model is often a serious concern.
Analysis of Angiogenesis in Mice
The retina model Aberrant angiogenesis in the retina is involved in various retinopathies, including the retinopathy of prematurity and the age-related macular degeneration. To gain insights into the retinal diseases and therapeutic approaches, the retina model is frequently exploited, which takes advantage of oxygen-induced retinopathy to recapitulate vascular development [9] . Due to the direct reflection of the neovascularization process, and the ease in straightforward analysis of the vascular network, the retinal model is widely used to investigate angiogenesis-related retinopathies.
one-week-old mice are exposed to 75% oxygen for 5 days to induce retinal vascular regression. Mice are then returned to normal air to allow for retinal angiogenesis. Mice are sacrificed, and eyeballs are removed with forceps and immersed in phosphate-buffered saline containing 4% paraformaldehyde overnight at 4°C. The melanin layer is carefully pulled off with pointed tweezers and the lens squeezed out in order to access the retina. The retina is cut into a tampered, petal-like shape with small tweezers; typically, the retina is cut into four petals.
Next, a 1-ml pipette tip, which has been cut to create a larger opening, is used to transfer the treated retina to a solution of phosphate-buffered saline containing 1% bovine serum albumin and 5% Triton X-100, and the samples are incubated overnight at 4°C [24] . Retinas are washed twice with phosphate-buffered saline. For staining, the retina is incubated at 4°C in the above buffer containing 20 µg/ml fluorescein-labelled lectin. After retinal staining, samples are treated with antibodies to identify proteins of interest. The retinal blood vessels are observed using upright fluorescence microscopy (Fig.  2) . The area of neovascular tufts is quantified with the Adobe Photoshop software as described [9] . in brief, the "magic wand" tool is used to select the region of neovascularization with the following settings: tolerance is 50, and the "add to selection key" and the boxes next to "anti-alias" and "contiguous" are checked. The total number of pixels in the neovascularization region is then recorded.
The aortic ring model
Angiogenesis is a complex process involving endothelial cell proliferation, migration, and alignment. In vitro angiogenesis assays are limited due to their inability to reflect the physiological angiogenic process, while in vivo angiogenesis assays are to some extent expensive and technically difficult. The aortic ring model bridges the gap between in vivo and in vitro angiogenesis assays, providing an economical way for the evaluation of angiogenic mechanisms and for the identification of novel molecules involved in the angiogenic process.
After sacrificing the mouse, the abdominal cavity is cut open, the internal organs are removed, and the thoracic aorta is located. Pointed tweezers are positioned between the aorta and the spine, and the aorta is gradually stripped from the spine and removed in one long piece. In a laminar flow hood, small blood vessels are cut from both ends of the aorta, then tissue surrounding the aorta is removed by gently peeling with forceps; the aorta is placed into a centrifuge tube containing phosphate-buffered saline. Using a surgical blade, the aorta is cut into 2-mm segments, and a syringe needle is used to transfer these small pieces (arterial rings) into a new centrifuge tube containing sterile phosphate-buffered saline. The arterial rings are washed five times with phosphate-buffered saline; contact between the pipette tip and the arterial ring is carefully avoided. The arte-rial rings are transferred into culture medium and placed in an incubator. A 96-well plate with matrigel is prepared and, after solidification, the arterial rings are transferred to each well containing the solidified matrigel. Another layer of matrigel is added, and after solidification, complete culture medium is added to each well. After approximately 72 h, the arterial ring begins to bud new vessels, with maximum vessel growth occurring after one week [20, 29] . The mouse arterial rings are analyzed using inverted fluorescence microscopy. The sprout length can be quantified with the Image J software. Meanwhile, the number of sprouts that branch from the main ring and the individual branches can be either manually counted or analyzed with computer-assisted image analysis methods as described [3] . however, manual counting is optimal when there are numerous sprouts; in this case, individual sprouts are unable to be distinguished by using computer-assisted image analysis methods.
The angiogenesis reactor
Angiogenesis requires a coordinated interplay between endothelial cells with other cell types, such as pericytes. To fully reproduce this complex process, the angiogenesis reactor implanted in mice is adopted. This method is usually recommended to validate the potential compounds that show potent pro-or anti-angiogenic activities in other experimental models.
The extracellular matrix extract containing angiogenic factors (e.g. heparin, fibroblast growth factor 2, and VeGF) is added to a sterile, semi-open angiogenesis reactor, and the reactor is incubated at 37°C for 1 h to allow the matrix gel to polymerize. Reactors are implanted into athymic nude mice (females,6 to 8 weeks of age). After 11 days, the reactor is removed from the mice and photographed [13] . To further examine the structure of the newly formed blood vessels, the matrix is extracted from the reactors, and the samples are frozen and analyzed using immunofluorescence microscopy. endothelial cells are detected using an anti-CD31 antibody; mural cells are detected using an anti-desmin antibody [27] . To quantify the angiogenesis induction response, cells are collected from the angiogenesis reactor by digesting the matrix with dispase and isolating the cells by centrifugation. The cells are stained with fluorescein-labeled lectin-1, and the fluorescence intensity is measured using a fluorimeter.
Conclusions and Perspectives
Animal models, specifically chicken embryos and mouse organs, are vital to the study of angiogenesis. These systems are useful for understanding the molecular mechanisms underlying angiogenesis, angiogenesisrelated diseases and for screening drugs that can be used to treat these diseases [14, 15, 18, 22, 23, 31] . Chick embryos and mice have long been used as research models in developmental biology because they have the advantages of being relatively inexpensive to maintain, easy to manipulate, and they have a short life-cycle. here, based on ten years of experience studying angiogenesis, we describe the use of chick embryo chorioallantoic membrane, chick embryo yolk sac membrane, mouse retina, mouse aortic ring, and angiogenesis reactors implanted into mice in the study of this process. We systematically describe the protocols used in these animal models with the goal of helping researchers in the investigation of angiogenesis, especially those investigators who are new to the field. Furthermore, we hope to promote the research and development of drugs for the treatment of angiogenesis-related diseases using these convenient models as a platform for in vitro drug screening.
